Introduction
When dietary protein intake is increased from 8.5 to 40% in nephrotic rats, the rates ofboth albumin synthesis and urinary albumin excretion increase, but serum albumin concentration tends to decrease. High-protein diets therefore do not lead to correction of the depleted albumin stores in rats with Heymann nephritis. These studies were designed to determine whether the stimulus for increased albumin synthesis was the increase in protein intake or instead whether albumin synthesis is increased in response to a decrement in serum albumin concentration caused by the increased proteinuria. The rate of albumin synthesis depends in part upon adequate calorie and protein intake. Although protein is widely regarded as the most important dietary constituent for the maintenance ofa normal serum albumin concentration and a normal rate of albumin synthesis, these parameters also depend on the relative pro-portion of protein to nonprotein calories. Maintenance of a diet containing adequate calories but insufficient protein causes reduced albumin synthesis, serum albumin concentration, and total body albumin mass (1) (2) (3) . One would predict that an ideal diet for patients with the nephrotic syndrome, a disorder that bears much similarity to protein malnutrition, should contain adequate calorie intake, and above all, an adequate or, preferably, a high protein content. Increased dietary protein intake, however, fails to increase either serum albumin concentration or body albumin pools in either patients with the nephrotic syndrome (4-7) or animals with experimentally induced nephrosis (8) .
The rates of both albumin synthesis and urinary albumin excretion also increase in nephrotic patients when dietary protein intake is increased, but not in nephrotic patients or animals fed a low-protein diet (6, 8) , although serum albumin concentration may be quite low. The increase in albumin synthesis in response to augmented dietary protein might be stimulated by the decrease in serum albumin concentration resulting from increasing proteinuria, or instead the increased supply of dietary protein might stimulate albumin synthesis directly.
To distinguish which of these two stimuli was responsible for triggering the increased albumin synthetic rate, we examined the effect of increased dietary protein intake on albumin pools and synthesis rate in rats with passive Heymann nephritis while the increase in albuminuria was controlled by the angiotensin converting enzyme inhibitor, enalapril. This agent was previously found to prevent the increase in urinary albumin excretion resulting from increased dietary protein intake in this model (9) . If increased dietary protein is the proximate stimulus for increased albumin synthesis, the combined use of enalapril and a high-protein diet should stimulate albumin synthesis and increase albumin pools in these nephrotic rats. If albumin synthesis increases in response to worsening hypoalbuminemia instead, then prevention of the increment in urinary albumin excretion by angiotensin-converting enzyme inhibitors should remove the stimulus to increased albumin synthesis provided by dietary protein supplementation.
When fasted or protein-malnourished people or animals are fed, the rate ofalbumin synthesis increases rapidly (10, I 1) and the increase does not require the synthesis of albumin mRNA, but instead is posttranscriptionally regulated at the level of initiation of protein synthesis (12) (13) (14) . Albumin synthesis by isolated perfused livers of nephrotic rats is also increased well above that measured in vivo if amino acids are added to the perfusate in generous quantity (15) . The rapidity of the response to the addition of amino acids also suggests posttranscriptional regulation. Steady-state hepatic albumin mRNA content is increased in nephrotic rats (16) , as is the rate of transcription of albumin mRNA (17) (18, 19) , serum was obtained daily for 8-9 d after injection. Calculations were performed as in the nephrotic animals. Data from this experimental protocol appear in Table III. Albumin turnover. Albumin turnover and distribution were measured in all animals. Because both serum albumin concentration and urinary excretion rate remained constant during the periods of study, albumin turnover approximates the average rate of albumin synthesis and is henceforth referred to as the rate of albumin synthesis. Rat serum albumin (Sigma Chemical Co., St. Louis, MO) was obtained as Cohn fraction V and purified by passage over diethylaminoethyl cellulose (microgranular DE 52; Whatman Instruments, Inc., Clifton, NJ) and iodinated with chloramine T (20) as previously described (21) . Albumin was assayed in both urine and serum by a sensitive electrodiffusion assay (6, 8, 22) . Serum was noted to be turbid on occasion, because of hyperlipidemia and was therefore centrifuged in a micro air-driven ultracentrifuge (Beckman Instruments, Fullerton, CA) at 120,000 g for 15 min. Three I0-1Ad aliquots were counted in a gamma counter (Searle Analytics, Des Plaines, IL) for 10 min. The plasma radioactivity disappearance curve was integrated by the method of trapezoids using the log tapazoidal rule (23) (24) (25) . Plasma volume is calculated by isotope dilution, and plasma albumin mass (PAM)I is the product of serum albumin concentration and plasma volume. Steadystate volume of albumin distribution (VD,,) was measured by the method of Benet and Galeazzi (23) and total albumin mass (TAM) is the product of VD., and serum albumin concentration (26) .
Cakulated serum oncotic pressure. Protein concentration was determined on ultracentrifuged serum using the method of Bradford (27) . Serum oncotic pressure was calculated using the method of Nitta et al. (27) for determining oncotic pressure of serum with an albumin/ globulin ratio different from 1. RNA preparation. At the conclusion of measurement of albumin turnover, animals in protocols 1 and 3 were killed with sodium pentobarbital (20 mg/kg i.p.); the liver was removed and frozen immediately on dry ice. Total RNA was isolated from 200 to 500 mg of frozen liver by homogenization without prior thawing, in 4 M guanidinium thiocyanate, followed by centrifugation through 5.7 M CsCI (28 There was no evidence of hybridization with any smaller degradation products in any group of animals. Any changes in albumin mRNA hybridization therefore represented a change in full-length albumin mRNA, and not in smaller partially degraded species. The expression of ,B actin did not vary at all within the groups of rats studied, thus validating its use as an internal standard.
Nuclear run-on assays. Nuclear run-on assays were performed to determine whether the increase in steady-state albumin message resulted from an increase in message transcription. Six additional nephrotic rats were fed an 8.5% protein diet as described in protocol 1, and protein intake was increased to 40% in three of the animals 11 d after injection with FX IA antiserum. The animals were anesthetized with sodium pentobarbital and hepatic nuclei isolated by the method of Tata (34 Statistics. Plasma and total albumin mass, urinary albumin excretion, and the rate of albumin turnover were all corrected for body weight before analysis. Comparisons were performed using a one-way analysis of variance (36) . A value for P < 0.05 was considered to be statistically significant.
Results
Rats fed a high-protein diet for 4 d (Table I , HP 4) had a significantly greater albumin synthesis rate as well as significantly more albuminuria than did rats maintained on 8.5% protein (LP 4). Increased albumin synthesis was accompanied by increased steady-state content of albumin mRNA in the liver. Serum albumin concentration and total and plasma albumin masses were unaffected by dietary protein augmentation alone, despite the increased rate of albumin synthesis. Enalapril blunted the increase in albuminuria in nephrotic rats fed 40% protein (Table I , HPE 4) . Albuminuria was significantly less in this group than in untreated nephrotic rats also fed 40% protein, but remained significantly greater than in either of the two groups ofanimals fed 8.5% protein (LP 4 and LPE 4). Enalapril combined with a high-protein diet caused a significant increase in serum albumin concentration compared to any of the other groups of nephrotic animals studied at 4 d (Table I) . Even though serum albumin concentration was significantly greater in HPE 4, albumin synthesis was significantly greater than in either group fed 8.5% protein (group LP 4 and LPE 4). It is therefore not possible that hypoalbuminemia alone was the only driving stimulus for increased albumin synthesis. Albumin synthesis, factored for body weight, correlated with the concentration of albumin mRNA in the liver of nephrotic rats, (albumin synthesis = 7.74 mg/I00 g per h X albumin mRNA/# actin mRNA + 0.410 [r = 0.5526, P < 0.01, Fig. 1 A] ), or (albumin synthesis = 7.87 mg/100 g per h X albumin mRNA/total liver RNA [counts bound to 20 ,g total liver RNA] + 4.235 [r = 0.5313, P < 0.05, Fig. 1 B] ). The absolute rate ofalbumin synthesis correlated positively to total liver albumin mRNA if one assumes complete extraction during isolation of albumin mRNA (albumin synthesis = 7.87 mg/h X total counts hybridized to albumin mRNA + 8.48 X 10-2 [r = 0.551, P < 0.01, Fig. 1 C] ). Total counts hybridized to albumin mRNA per liver is the product of counts hybridized to albumin mRNA/micrograms total RNA X liver weight X total RNA/liver.
Transcription rate of albumin mRNA relative to that of 28 s ribosomal RNA in isolated hepatic nuclei was significantly greater in nephrotic rats fed a 40% protein diet (0.201±0.025) compared with those fed 8.5% protein, (0.071±0.007, P < 0.01) (Fig. 2) . Because dietary protein augmentation causes increased production of ribosomal RNA (37, 38), these findings suggest that the increase in hepatic albumin mRNA content in nephrotic rats fed a high-protein diet results, at least in part, from an enhanced transcription of mRNA from the albumin gene.
After 11 d of feeding nephrotic animals a high-protein diet (Table II , HP 11), both urinary albumin loss and albumin synthesis remained increased and no gradual increase in albumin pools occurred (Fig. 3, Table II ). With continued feeding of a low protein diet, urinary albumin excretion decreased (P < 0.005 in LP 11 vs. LP 4) and serum albumin concentration and albumin pools increased (P < 0.001 and 0.05, respectively). Albumin synthesis remained unchanged in nephrotic animals continued on a low-protein diet and studied at 11 d (LP I 1) compared with those studied at 4 d (LP 4), despite the increase in serum albumin concentration at the later time point.
Serum albumin concentration (P < 0.001), PAM (P < 0.01), TAM (P < 0.001), and albumin synthesis (P < 0.0001) were all increased in HPC compared with LPC (Table III) . Albumin mRNA/total RNA and albumin mRNA/ ,3 actin mRNA were also increased significantly (HPC vs. LPC P < 0.01 and 0.001, respectively). Because dot-blot hybridizations with RNA purified from the livers of nephrotic animals or control animals were performed at different times, and the specific radioactivity of the cDNA probes was not the same in each experiment, comparisons between albumin mRNA levels in nephrotic and control animals could not be made.
Albumin synthesis was significantly greater in LPE 11 than in LPC (P < 0.005), and tended to be greater in LP 11. Serum albumin concentration (P < 0.005), PAM (P < 0.0001), and TAM (P < 0.01) were also significantly less in both LP 11 and LPE 11 compared with LPC. Albumin synthesis however, was not greater in either LP 4 or in LPE 4, compared with LPE 11 or LP 11, even though serum albumin concentration, PAM and TAM were much less in both LP 4 and LPE 4. Albumin synthesis therefore can be increased in rats fed 8.5% protein, but only to a limited extent. The increase in albumin synthesis in the nephrotic animals fed low protein occurred in response to only a small perturbation in serum albumin concentration (LPE 1 Ivs. LPC). However, albumin synthesis rate did not increase further in lowprotein-fed nephrotic animals even when serum albumin concentration was very low (LP 4, Fig. 4) . In contrast, nephrotic rats fed 40% protein exhibited no detectable increase in albumin synthesis when serum albumin concentration was only slightly reduced (Table II) , but albumin synthesis increased significantly in response to a further decrease in serum albumin concentration (Fig. 3 A [Albumin synthesis = 22 -(0.38 X serum albumin concentration) mg/100 g per h, r = 0.5253, P < 0.01 ]) or oncotic pressure (Fig. 3 
Discussion
Albumin synthesis rate varied inversely with serum albumin concentration and oncotic pressure in nephrotic rats fed 40% protein. This increased albumin synthesis was ineffectual in causing an increase in serum albumin concentration when urinary albumin excretion also was increased by the high-protein diet. Nephrotic rats fed a high-protein diet were nevertheless capable of increasing albumin synthesis when hypoalbuminemia occurred. In contrast, although albumin synthesis increased in mildly hypoalbuminemic nephrotic rats eating a low protein diet compared with control animals eating the same diet, additional profound depletion of all albumin pools failed to further augment albumin synthesis (Fig. 4) . The limited ability of severely hypoalbuminemic nephrotic rats to in- (15) found that albumin synthetic rate was increased only twofold in the nephrotic rat in vivo, but could be increased in the livers isolated from these animals to five times the basal rate if amino acids were provided in the perfusate. Albumin synthesis was inversely proportional to the oncotic pressure ofthe perfusing solution in t'he isolated livers (15, 45) .
It thus was possible that reduced serum oncotic pressure alone provided only a partial impetus to albumin synthesis in nephrotic rats, and that reduced oncotic pressure and excess amino acid supply combined to further amplify albumin synthetic response to hypoalbuminemia. Even the combination of reduced serum oncotic pressure and a 40% protein diet may not be sufficient to maximally stimulate albumin synthesis in the nephrotic rat. The rate ofalbumin synthesis in HPE 11 was no greater than in HPC, although serum albumin concentration was significantly less in the nephrotic animals. Factors other than dietary protein intake and serum oncotic pressure, not identified in these experiments, may limit albumin synthetic rate in the nephrotic syndrome.
Albumin pools and serum albumin concentration increase during consumption of a low-protein diet only because the reduction in urinary albumin excretion is more biologically significant than is the reduction in albumin synthesis. Increased albumin synthesis that occurs in high-protein-fed nephrotic rats is ineffectual in causing an increase in either serum albumin concentration or albumin mass if urinary albumin excretion is also increased as a result of consumption of the high-protein diet. If this increase in albuminuria can be mitigated, albumin stores are increased in the nephrotic rat by dietary protein supplementation.
